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Abstract

:

During the contact between the detumbling end-effector and large non-cooperative target, the recognition of impact pressure distribution is important for estimating the success rate of detumbling mission. To figure out the pressure trends, the ground experiments before the real space mission are necessary. However, due to the drawbacks of the pressure array-like sensor, dynamic characteristics of impact, and unavoidable noise, the accurate dynamic pressure distribution is hard to obtain. In this letter, we propose a recognition method, Impact Pressure Distribution Recognition. The proposed method can quickly generate dynamic impact pressure distribution without limitation on sensor accuracy through pressure data supplement and area correction based on contact model. The analysis results show that our method can efficiently recognize multiple distributed pressure and rebuild the more accurate impact pressure distribution.
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1. Introduction


Large non-cooperative target with big quality and volume is mainly derived from the upper stage rocket bodies and expired satellites, and has imposed potential threats on the operational spacecraft in orbit [1,2,3,4,5]. It is impossible for the spacecraft to resist impact damage through self-protection ability. Thus the capturing and removal for large non-cooperative target is of great relevance. Due to the tumbling motion of large non-cooperative target, capturing directly such as net capturing [6], robotic arm [7], and other contact capturing method, is likely to have subsequent consequences like fierce collision and tether wrapping. Conducting a detumbling operation for large non-cooperative target before capturing can attenuate angular momentum to improve the security of capturing mission [8].



Thus, detumbling technologies as the key component of capturing mission, include contact methods and non-contact detumbling methods. Non-contact detumbling methods [9,10,11], such as thruster plume impingement, electrostatic force, and eddy current, have characteristics of small torque, less impact and long-term operation. Compared to it, contact detumbling methods [12,13,14] provide larger torque in a shorter term, which include Tethered Space Robot, mechanical impulse and brush contactor. Consequently, studies on the impact reduction method using mechanical impulse with flexible end-effector were developed for the ground detumbling experiment [15], which are aimed at keeping efficiency of detumbling and capturing mission.



To judge the effectiveness of the space detumbling task, it’s necessary to calculate the position change of the non-cooperative target. When the flexible end-effector collides with the surface of the non-cooperative target, the impact area and impact pressure distribution are important parameters for calculating the target position change. However in the real space mission, it is impossible to install sensors on the non-cooperative target. The resultant impact force is the only parameter that can be obtained by the single-axis force sensor mounted between the flexible end and the robot arm. Dynamic impact pressure distribution is impossible to be obtained. Through the ground experiment, we can obtain and understand the characteristics of the distributed forces on the contact surface during the impact. On the basis of accurate impact pressure distribution measurement in this paper, we can carry out the study of the motion of the target due to the impact pressure in the subsequent study. Thus the ground detumbling experiment proposed in Figure 1a is needed for further investigation into the recognition of impact pressure distribution including contact area and distributed force.



To research dynamic impact pressure distribution in the ground experiment, the array-like pressure sensor was used in ground detumbling experiment to collect distributed force data as depicted in Figure 2a. By dividing the responsive area into multiple discrete subelements, array-like pressure sensor can easily provide raw multipoint pressure. However, due to the nonlinearity and hysteresis of pressure sensor and voltage oscillation from fast circuit switching, pressure data heavily relies on sensor characteristics and recognition of dynamic impact performance is difficult. Gaussian distribution and other math model have been used to denoise sensor data [16] in static data processing. And high resolution calibration method based on deep learning can overcome drawbacks of soft pressure sensor [17,18,19,20]. Nevertheless, those methods can hardly apply to dynamic distributed pressure data processing for generating dynamic impact pressure distribution.



The goal of this paper is to establish accurate impact pressure distribution including the dynamic impact contact area and the distributed force. Through the pressure data supplement and area correction based on the contact model, the recognition of impact pressure distribution can be achieved. And the recognition result will be a huge help to study the dynamic impact process for the ground detumbling experiment.




2. Proposed Methods


To recognize contact area and trend of distributed impact pressure, the Impact Pressure Distribution Recognition (IPDR) method mainly process total time-varying data including the value of sensor subelements and responsive sensor areas. The raw data from each sensor subelements is a list of voltage value. And subelements with response consist of the number and location of subelements which have been detected as voltage change. In addition, an interval area without piezoresistive material, which has no capability to detect pressure, exists between any two sensor subelements. Pressure data in interval area should be supplemented.



The IPDR method as illustrated in Figure 1b, is designed for whole pressing process from the start to finish. The Number of Neighboring Response (NNR) is presented to define the response state of neighboring sensor subelements. In each time series (TIME), the IPDR method firstly identifies the center of pressurized area through the region search algorithm based on NNR, in order to obtain initial pressurized area including preliminary area boundary and number of pressurized subelements.And by pressure-voltage calibration, the voltage list of subelements is converted to spaced pressure distribution, which indicates the relative position between impact pressure of each subelement and their pressure values. With the guidance from contact model, the center of initial pressurized area corresponds to the center of theoretical contact area, and meanwhile the boundary is corrected by the theoretical area boundary in order to acquire pressurized area with exact center location and boundary.



In order to preserve the characteristics of the raw data and improve the processing speed, the whole area is divided to multiple strip areas in accordance with the structure of array-like sensor. These strip areas’ directions are parallel to each other. The uni-directional data refers to a set of the pressure values of all sensor subelements in one strip area. Meanwhile the omni-directional data consist of all uni-directional data in the whole area. To establish unspaced pressure distribution, the steps of removing data outside the contact area and supplementing uni-directional and omni-directional data for the interval area are taken based on the pressurized area obtained before. And the stress distributed law from contact model is used as a standard to the pressure distribution so that each distributed pressure value can be accurately corrected. After the model-based data processing of IPDR method, the dynamic impact pressure distribution has been supplemented and corrected, and therefore has the capability to accurately describe contact area change and exact pressure distribution in whole impact process. The IPDR method has no limitation of contact model type and array pressure sensor structure so that is well suited to various kinds of impact conditions.




3. Preliminary


3.1. Contact Model


As shown in Figure 2a, the IPDR method can apply to the impact contact process during mechanical detumbling mission. The mechanical detumbling end-effector is equipped with a flexible spherical end, which impacts vertically with a force of F on the surface of expired satellite model. As depicted in Figure 2b, Hertz contact model [21,22] is adopted to describe the impact contact process between a flexible ball with a radius of   R 0   and a rigid plate.



As illustrated in Figure 2c, The contact area is a circle with a radius of a, and the maximum stress   σ  m a x    is located at the center of the circle. According to Hertz formula [23], the maximum stress is expressed as below:


   σ  m a x   =    6  π 3   ·  1  R 0 2    F     1 −  v 1 2    E 1   +   1 −  v 2 2    E 2    2     1 3   ,  



(1)




where   v 1   and   v 2   represent Poisson’s ratio of the flexible ball and rigid plate,   E 1   and   E 2   represent their elastic modulus. The radius of contact area can be calculated as below:


  a =    3 4   R 0     1 −  v 1 2    E 1   +   1 −  v 2 2    E 2    F   1 3   .  



(2)







Figure 2c presents the stress distribution of Hertz contact model, and the stress value of each location is computed as below:


  σ  ( x , y )  =  σ  m a x     ( 1 −    x 2  +  y 2    a 2   )   1 2   .  



(3)







When selecting a direction parallel to y-axis, the value of x is fixed in this direction (  x = d  ). The stress gradient in this direction can be expressed with the equation below:


     σ ′    x = d    ( y )  =     −  σ  m a x   · y   a 2    1 −     d 2  + y  2   a 2      −  1 2    , − a < d < a .  



(4)







Owing to dividing the omni-directional contact area to a certain amount of uni-directional areas, the above formula based on contact model can purposefully apply to IPDR method for distributed pressure data processing.




3.2. Data Acquisition


From the analysis of contact mechanics theory, whether the axial motion of the collided target only affects the trend of the impact pressure distribution over time during the collision. If the target is fixed, the value and impact area of the impact pressure increase gradually with time. If the target is not fixed, the value and impact area of the impact pressure increases and then decreases with time. The experiment in this paper is to verify the accuracy of the impact pressure data collection. So the control variates method is used in the experiment, mainly to study the law of impact pressure distribution generated by the impact of different velocities on fixed target. By doing this, this impact pressure change by different velocities is estimable so that it is better to determine the accuracy of the impact pressure distribution obtained from the proposed method. For this specific research purpose, detumbling end-effector is located above a table surface and is approaching the target object from the direction perpendicular to the table surface. This experimental setup makes it easier to create a stable impact process.



As illustrated in Figure 3a, the experiment setup for impact pressure collection consists of pressurized mechanism, pressure sensor, impact end-effector, and control module. The flexible silicone ball with the radius of 50 mm is attached to a single-axis force sensor, which can obtain dynamic loading force F as shown in Figure 2b. The single-axis force sensor is a kind of silicon strain sensor. The sensing ranges is −60 N to 60 N and the resolution is 1/200 N. And in order to get impact pressure distribution, the array-like pressure sensor is plated on the rigid surface under the impact end-effetor. The Poisson’s ratio of the flexible ball and rigid plate are 0.49 and 0.3, and the elastic modulus are 6.1 MPa and 70 GPa.The flexible ball is fixed by screws on the ball seat of the end-effector. It will not be detached due to detumbling torque. In real space detumbling mission, the end-effector is in vertical contact with the target surface, since it’s the most effective and easy to implement operation.



As depicted in Figure 3c,d, the 16 × 16 pressure matrix sensor with 256 subelements comprises two electrode layers and a middle piezoresistive layer. The overall size is 39 mm × 39 mm, and each subelement size is 1.5 mm × 1.5 mm. The spaced area without piezoresistive material exists between any two sensor subelements. The array-like pressure sensor is driven by the signal acquisition and conversion circuit proposed in Figure 3b.



The circuit sets the high input voltage (5 V) to one row and low input voltage (0 V) to the other rows of the sensor through J1. Due to supplying high input voltage to each row (i) in turn, the control module collects voltage in each column (j) of sensor through J2 to build raw data distribution as follows:


    V   T I M E   =      V  i , j       =      V  1 , j        V  2 , j       ⋮      V  16 , j       =       V  1 , 1        V  1 , 2       ⋯      V  1 , 16          V  2 , 1        V  2 , 2       ⋯      V  2 , 16         ⋮     ⋮     ⋱     ⋮        V  16 , 1        V  16 , 2       ⋯      V  16 , 16        ,  



(5)




where   T I M E   represents a time series of the whole data acquisition process.





4. Experiment Analysis


4.1. Raw Data Distribution


Collected from the ground flexible impact experiment, the raw data format of each time series is a voltage distribution in 256 subelement areas as illustrated in Figure 4. The raw data distribution indicates discrete pressure values and their relative positions, and besides the noise data outside actual contact area.




4.2. Pressurized Area Searching Method


To quickly obtain the pressurized areas from the raw data, we proposed the NNR and NNR-Region Search algorithm. Under the pressing area as shown in Figure 5, the NNR is used to define the response state of neighboring areas around each subelement. The “Response be detected” state represents that this sensor subelement has been captured for a voltage change caused by pressure loading, and a subelement without a voltage change refers to the “No response be detected” state. After calculating NNR and searching the coordinate of maximum pressure, the preliminary data including spaced pressurized areas and contact area center can be realized for the further data processing.




4.3. Impact Pressure Data Processing


According to the IPDR method proposed above and the Hertz formulas, the omni-directional data has been divided to 16 sets of uni-directional data to improve the data processing speed. Focusing on a set of uni-directional data in the 123rd time series (TIME:123) as a random example, the raw format is voltage data collected from 16 columns in the 8th row as illustrated in Figure 6.



The data pressure distribution of the 8th row in the 123rd time series is expressed as below:


   V  i = 8  123  =  [  V  8 , j   ]  =      V  8 , 1      V  8 , 2      V  8 , 3     ⋯    V  8 , 15      V  8 , 16       , j = 1 , 2 , 3 ⋯ , 16 .  



(6)







The main processing steps consist of pressure-voltage calibration, removing data outside contact area, supplementing uni-directional data, and correcting pressure values. The first step is the conversion from voltage to pressure based on the subelement characteristic curve expressed as below:


   F  i , j   = K ·   (  V  i , j   )  M  .  



(7)







By the calibration before using the array-like pressure sensor, the values of “K” and “M” can be determined. The values for every sensor subelement are very similar and the most frequent values are shown in Figure 6. After the conversion, the uni-directional pressure distribution in the 8th row has been generated as follow:


   F  i = 8  123  =  [  F  8 , j   ]  =      F  8 , 1      F  8 , 2      F  8 , 3     ⋯    F  8 , 15      F  8 , 16       , j = 1 , 2 , 3 ⋯ , 16 .  



(8)







Based on the stress distribution equation of the particular direction given in Section 3, the pressure value of each interval area between subelements can be calculated and verified by its corresponding location and the two existing neighboring pressure data. The supplementary pressure can be calculated as below:


   S  i , j   =  1 2   (  F  i , j   +  F  i , j + 1   )  + A  ( δ − 1 )  · σ  ( x , y )  , j = 1 , 2 , 3 ⋯ , 15 .  



(9)







The   σ ( x , y )   refers to the stress at position (x, y) in the interval area between subelements. The A refers to the area size of an sensor subelement. The  δ  is a modified coefficient related to the position of the interval area and can be calculated as below:


  δ =  1 2   ( 1 −    F  i , j   +  F  i , j + 1     2 A · σ ( x , y )   )  + 1 .  



(10)







The uni-directional unspaced pressure distribution has been supplemented and corrected in order to improve the capability for describing the impact pressure distribution of an impact process.



According to the pressurized area corrected by the Hertz contact model, the pressure data of each subelement can be apparently classified as intra-regional and out-of-area data. The out-of-area data is set to zero. The removal of out-of-area pressure data regarded as noise contributes greatly to the impact pressure distribution. As for the 8th row, the pressure values in these 9 columns (j = 1, 2, 3, 4, 12, 13, 14, 15, 16) are out-of-area data, so they are set to zero. The unspaced pressure distribution includes 16 raw values (  F  i , j   ) and 15 supplementary values (  S  i , j   ). The final pressure distribution of the 8th row in the 123rd time series after IPDR method is expressed as below:


   F  i = 8  123  =  [ 0 ⋯ 0  S  8 , 4    F  8 , 5    S  8 , 5    F  8 , 6    S  8 , 6    F  8 , 7    S  8 , 7    F  8 , 8    S  8 , 8    F  8 , 9    S  8 , 9    F  8 , 10    S  8 , 10    F  8 , 11    S  8 , 11   0 ⋯ 0 ]  .  



(11)







To verify the superiority of this distribution, we calculate stress value and build uni-directional stress fitting curve. The fitting result shows that the stress distribution satisfies circular function and this circle center is greatly close to the ideal center of contact area. Compared to raw data, the new data after IPDR method has the smaller residual sum of squares (RSS) in the whole impact process as shown in Figure 7a. If the RSS is smaller, it proves that the curve fit is better.After the IPDR method, the new data has a better performance than the original data in terms of the degree of fit. The most prominent aspect of this graph indicates that the coefficient of determination (   R 2  = 0.99956  ) in the 123rd time series, which refers to the excellent goodness of fit.



As demonstrated in Figure 8, the omni-directional pressure data processing includes 16 times of uni-directional data processing for total rows, supplementing omni-directional interval data, and correcting pressure values. Through the stress-pressure transformation, the omni-directional stress distribution can be constructed and the fitting curved surface conforms to the hemispherical equation. And the location deviation of stress distribution center, as shown in Figure 7b, represents the variable deviation between the center of the contact area and the center of fitting stress distribution. As the contact area becomes larger, the amount of sensor data increases so that the fit bias gradually decreases and tends to zero.




4.4. Effectiveness Analysis of IPDR Method


After above procedures, we generated an accurate impact pressure distribution that reserves the necessary characteristic of raw sensor data and meanwhile has a big improvement in data precision. To study the effectiveness of IPDR method, three resultant forces during complete impact process has been compared as shown in Figure 9.



F refers to the dynamic loading force in Equation (1), which is collected directly from the singe-axis force sensor in ground impact experiment. The F is a accurate resultant force. By comparing with it, the accuracy of   R F 2   and   R F 3   can be analyzed.   R F 2   is a resultant force calculated by raw discrete data from array-like pressure sensor, and in contrast   R F 3   is a result of the integral computation of the stress distribution generated by IPDR method. During the phase of increasing impact pressure,   R F 3   not only presents the same trend as F but also is gradually approaching the curve of F. Additionally at the turn of F curve,   R F 3   can precisely restore and present the dynamic properties of impact pressure. And   R F 3   also shows a good performance in the late stage with steady pressure. However   R F 2   has an obvious noisy phenomenon and retardation particularly at the turn of F curve. In summary, the IPDR method has been proved efficient to dynamic pressure processing especially in the flexible impact condition with variable pressure and contact area.





5. Conclusions


An impact pressure distribution recognition method called IPDR was proposed in this letter, in order to establish the dynamic impact pressure distribution. The IPDR method mainly includes the pressure data supplement and area correction based on contact model, in order to overcome the drawbacks of the array-like pressure sensor and the difficulty of recognizing dynamic distributed pressure. Through the IPDR method, the accurate contact area and distributed pressure can be obtained. The impact experiment results show that the IPDR method can achieve dynamic data processing and establish a more accurate impact pressure distribution.



In future work, we would like to build an impact pressure distribution prediction system based on IPDR method for a real space mission. Ground experiments and IPDR method can provide training data for the prediction system. Thus, with the resultant force from the end-effector as the prediction input, we can easily obtain the impact pressure distribution on the target surface.
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Figure 1. Impact contact experiment and pressure recognition method. (a) Ground detumbling and capturing experiment for large non-cooperative target. (b) Impact Pressure Distribution Recognition (IPDR) method. 
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Figure 2. Contact model of mechanical detumbling. (a) Mechanical impulse detumbling mission. (b) Parameters of Hertz contact model. (c) Stress distribution and contact area. 
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Figure 3. Data acquisition system. (a) Experiment setup for impact pressure collection. (b) Signal acquisition and conversion circuit. (c) Structure of array-like pressure sensor and data reading process. (d) Structure of subelement and area classification. 
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Figure 4. Dynamic raw voltage data distribution. 
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Figure 5. NNR calculation and region search algorithm. 
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Figure 6. Procedures of uni-directional data processing. 
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Figure 7. Fitting Error Analysis. (a) Dynamic fitting residual sum of squares for uni-directional data processing. (b) The location deviation of stress distribution center for omni-directional data processing. 
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Figure 8. Procedures of omni-directional data processing. 
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Figure 9. Comparison of resultant forces from data acquisition experiment. 
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